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TABLE 7. PRODUCTION COST ESTIMATE OF TURBINE SHROUD
ASSEMBLY.

Standard Labor
Direct Cost Dollars Hours per Unit

Oout-

3 Raw Purch. side Setup Run
Part Name Mat'l Parts Process Hours Hours

! 300 Turbine Shroud §----- $mmmm- $15.00 0.100 0.020
Assy

, 301 Flange Mtg. 17.44 ~e--- 6.54 3.750 0.522

f 302 Shroud Hub 5.77 meeee  acee- 1.300 0.240

g‘

: TOTAL 23,21 ~eeaa 21.54 5.150 0.782
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TABLE 8. PRODUCTION COST ESTIMATE OF TURBINE
EXHAUST HOUSING ASSEMBLY.
Standard Labor
Direct Cost Dollars Hours per Unit
Out-
Raw Purch. side Setup Run

Part Name Mat'l Parts Process Hours Hours

400 Tailcone §emm—- §mmm—- e 2.300 0.530

401 Wall, Outer  ===== eccece cacccca- 3.400 0.200

401-401 Wall Hydro.  ===-- 16.60 ====cece  cccece ccce-

400-500 Flange sub=  ===== ccccc ccccaa- 0.400 0.067

assy

404-401 Flange, Heat ===== <«ccecc ccaccaa- 2.450 0.141
Shield

657-401 Flange, Hyd- 0.57 ====- 4.25 1.950 0.192
roform

117 Weld Stud (7) ====- 0.14 =ccmcee  ccee- —————

400-501 Cone Support ===== «ac--- 18.00 0.500 0.150
Subassy

400-502 Support sub- —==ee-  cc--- 15.00 0.500 0.085

assy

404 Flange, Heat ===== «ccccc cccaa-- 2.450 0.141
Shield

657-401 Flange, Hydr. 0.57 ===== 4.25 1.950 0.192

405 Flange, Supp. 1.01 ===-- 8.50 2.250 0.265

400-503 Cone Subassy <===== cccca «c- ———— 1.100 0.300

402 Vane 0.48 <=-ee cccea-- 1.900 0.402

20
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{ 403 wall, Inner 1.58 ====- 8.50 4.550 0.330
E 450 Brg. Hsg. Cup ===== e=cvce ccccec=- 1.000 0.184
Subassy
406 Insulation = «==-- 0.70 =ccccce cocce ccce-
451 Brg. Hsg. 1.92 —ccee  ccccaa- 4.000 0.820
452 Air shield 0.35 ====- 4.25 3.000 0.227
125 Pin, Spring  ====- 0.0 =c-mcece  cccee | eme--
453 Heat sShield 0.36 ==v== ceccecec-- 2.000 0.160
500 Strap ASSYy ===== eccece cccce-- 0.400 0.043
501 Strap 0.05 ===e= ccccee- 1.100 0.044
502 Tail Plug 0.57 ====- 4.26 3.400 0.215
TOTAL 7.46 17.48 67.01 40.600 4.688
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TABLE 9. PRODUCTION COST ESTIMATE
OF MAIN HOUSING ASSEMBLY.

Standard Labor
Direct Cost Dollars Hours per Unit

Raw Purch. 222; Setup Run
Part Name Mat'l Parts Process _ Hours Hours
600 Case, Combust. §-=--- $mmm—- $emmmme 0.400 0.133
Assy
606 Case, Combust. ===== «ccccec ccccaa- 2.160 0.203
606-401 Case, Hydroform =---- 89.25 e=cccee ce-a- —————
610 Ring Assy B 0.400 0.270
608 Ring 0.90 =cvee cocee-- 2.950 0.512
117 Weld stud (3) - ====- 0.72 ==eeeee cocee | ceee-
609 Bracket (3) 0.02 =ceece cccecaa- 0.500 0.162
607 Rivet = = =  —===- 0.09 ~ccecee- 0.200 0.096

TOTAL 0.92 90.06 ======- 6.610 1.376
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TABLE 11. MANUFACTURING COST ESTIMATE OF FUEL
DISTRIBUTION HOUSING ASSEMBLY.
Standard Labor
Direct Cost Dollars Hours per Unit
Raw Purch. Outside Setup Run
Part Name Mat'l Parts Process Hours Hours
700 Hsg-Fuel $ - $ - $ - 0.700 0.250
Dist. Assy
715 Fitting Air 0.17 - - 2.500 0.196
704 Fuel Housing 7.67 - - 7.500 0.963
133 Carbon Seal - 12.10 - - -
134 O-Ring - 0.18 - - -
135 O-Ring - 1.24 - - -
705 Brg. Thrust - 28.50 - - -
707 Locknut - - - 1.350 0.080
707-401 Locknut - 1.49 - - -
411 Brg - Rear - 17.80 - - -
Housing
708 O-Ring - 0.10 - - -
709 Runner, - 4.65 - - -
Seal Fuel
TOTAL 7.84 66.06 - 12.050 1.489
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TABLE 12. PRODUCTION COST ESTIMATE OF AXIAL COMPRESSOR ROTOR.
Standard Labor
Direct Cost Dollars Hours per Unit
Raw Purch. Outside Setup Run
Part Name Mat'l Parts Process Hours Hours
719 Axial Rotor §$ = $ - $ - 8.100 1.720
Mach.
719-900 Rotor Casting 5.80 - 10.05 2.000 3.000
714 Spacer 0.17 - - 4.450 0.267
TOTAL 5.97 - 10.05 14.550 4.987

R
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TABLE 13. PRODUCTION COST ESTIMATE OF AXIAL COMPRESSOR STATOR.

Standard Labor

Direct Cost Dollars Hours Per Unit
Raw Purch. Outside Setup Run
Part Name Mat'l Parts Process Hours Hours
726 Axial Comp. $ - $ - $ - 15.300 2.120
Stator
726-900 Stator Casting 5.80 - 10.00 2.000 3.000
778 Shim (2) 0.31 - - 0.400 0.700
125 Dowell (4) - 0.08 - - - ;

TOTALS 6.11 0.08 10.00 17.700 5.820




LR

TABLE 14. PRODUCTION COST ESTIMATE OF INLET HOUSING.

Direct Cost Dollars

Standard Labor
Hours Per Unit

Raw Purch. Outside Setup Run
Part Name Mat'l Parts Process Hours Hours
750 Comp. Inlet-Mach. § - $ - $§ - 11.750 1.208
750-900 Casting-Inlet Hsg. 5.80 - 10.05 3.000 2.000
TOTAL 5.80 - 10.05 13.750 3.208
27




TABLE 15. PRODUCTION COST ESTIMATE OF INLET NOSE CONE ASSEMBLY.

Standard Labor

Direct Cost Dollars Hours per Unit

Raw Purch. Outside Setup Run
Part Name Mat'l Parts Process Hours Hours
850 1Inlet Nose $ - $ - $ - 0.500 0.098

Cone Assy

851 Cone 0.57 - 4.26 4.150 0.252
852-500 Strap Assy - - - 0.400 0.090
852 Strap (3) 0.06 - - 0.600 0.201

853 Pin (3) - 0.06 - - -
TOTAL 0.63 0.06 4.26 5.650 0.641
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TABLE 16. PRODUCTION COST ESTIMATE OF MAIN ENGINE ASSEMBLY.

Standard Labor

Direct Cost Dollars Hours per Unit
Raw Purch. Outside Setup Run

Part Name Mat'l Parts Process Hours Hours

950 Engine Assy $- § - $ - 1.350 3.600
114 Rivet (2) - 0.06 - = &
122 Nut (119) - 22.61 - - .
126 Washer (75) - 1.50 - - -
127 Bolt (24) - 0.48 - - =
129 Union (1) b - 1.38 - - -
130 O-Ring (1) - 0.11 - - "
131 O-Ring (1) - 0.10 - ” %
132 Union (1) - 1.49 - - a
0-Ring Fuel - 0.36 - = i

Hsg. (3)
137 Screw (7) - 0.35 - - =
138 Washer (3) - 0.12 - - -
149 Spark Plug (1) - 0.13 - - -
91-407 Snap ring Inlet - 0.08 - - -
Housing

412 Snap ring R. Hsg - 0.13 - - -

Engine Test & Acceptance 0.500 1.000

TOTALS - 28.9 - 1.850 4.600
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SECTION 3
TASK II COMPONENT AND TUNING TESTS

Task II of the Low Cost Expendable Engine program involved
component level testing of the axial compressor and engine
tunlng testing on the first complete WR33 engine. This
section of the report presents the results of this effort.

3.1 COMPRESSOR TESTING

Several compressor rig tests were conducted under this
program. The initial test was conducted on a five stage
1ntegra1 axial compressor designed for a somewhat larger
engine and was intended only to provide design verification
data for the WR33 design. This compressor was operated up
to design speed and for a test duration just under five
hours before suffering a blade fatigue failure.

Although this life was essentially ten times the engine life
goal, it was felt that the test hardware used for the rig
testing and engine tunlng testing of the WR33 would have to
have a longer life in order to complete the amount of testing
that was anticipated. Because of this, a bicast compressor
construction was wused for the WR33 test hardware which
required about a 50 percent higher level of casting physical
properties. The initial rotor castings did not achieve the
required strength and ductibility levels and two compressor
failures occured during the course of the rig testing.

The first axial compressor rotor failure occurred during the
initial compressor rig test in January 1977. The rotor drum
failed at about 93 percent of rated speed during the rig
check~out. Failure occurred by rupture though two drilled
passages which were intended to conduct fourth-stage air to
the rear bearing for cooling. The energy from the rotor
burst also destroyed the stator casting.

It was concluded that the rotor failed below design speed
because the material properties of the casting were insuf-
ficient to carry the loads produced by the design features
of the inserted blades and the location and configuration of
the cooling air holes.

Two solutions to the problem were proposed. One was to
continue working on foundry techniques to improve the casting




physical properties. The second was to revise the design
; configuration to eliminate the air cooling passages and the
: mounting bolt holes in the rear hub section so that the
: required casting strength 1levels could be reduced. The
: rotor bore ID was also reduced to eliminate protrusion of
i the blade stock through the drum wall after final machining.

As an interium step, one integral compressor rotor cg\sting
was hot isostatic pressed at a temperature of 910-930°F and
; 15,000 psi for 3 hours. This rotor was proof spun and
: failed at 104 percent of design speed. The HIPing had
, improved the strength 1levels somewhat but the level of
1 ductility was still unacceptable.

A proof spin speed of 114 percent of design speed was estab-
lished as the requirement that was to be met before proceeding
with compressor rig testing. This speed represents 130
percent of design centrifugal stress and it was felt that
this would provide adequate margin for the rig testing and
engine demonstration program.

Continued refinement of the casting process resulted in
rotors which met the proof spin requirement and no further
drum failures occurred during the program.

During the compressor rig testing in July of 1977, a blade
separated from the rotor which in turn sheared all of the
rotor blading. A detailed examination of the rotor showed
that many of the blade roots had melted during the casting
process and that these blades were retained by only a fraction
of the cross-sectional area of the blade. Higher than
anticipated stresses due to the reduced cross-section coupled
with the forces associated with running in surge was the
cause of failure. At the time of failure, the rotor had
accumulated 7.9 hours of operation and was running at 97
percent of design speed.

A suitable method of coating the blade rocot to insulate it
such that it did not melt during the casting process was
evolved. Rotors using this technique were successfully
tested on the compressor test rig to 105 percent of design
speed and were used for both the engine tune-up testing and
demonstration testing without failure.

3.1.1 Compressor Test Rig

An existing compressor rig located in test cell A-l was
renovated and regeared to accommodate the WR33, six-stage
axial compressor rotor.
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The general arrangement of the compressor rig test facility
is shown in Figure 16. Outside air enters the inlet cupola
and passes through the ASME airflow measuring nozzle. Inlet
total pressure and temperature and static pressure at the
nozzle throat are measured. The accuracy of airflow measure-
ment using this system is +1/2 percent. The flow then
passes tha:ough an insulated 8 inch diameter cylindrical duct
and a 90  bend to a serrated orifice plate. This plate is
designed to reduce drive horsepower requirements and provide
an additional mass flow rate check for high flow rate com-
pressors, by running choked while providing an inlet pressure
drop. The orifice plate also serves as a thorough flow
mixer; hence, a more uniform compressor inlet flow with a
thinner boundary layer results.

On the downstream side of the orifice plate, the flow is
directed through a 5 inch diameter pipe to the compressor
inlet measuring station. This station is approximately 10
inches upstream from the inlet duct-compressor interface.
Total pressure and temperature and static pressure measure-
ments are made at this location. This is the point to which
all compressor performance 1is referenced. The air then
passes through the compressor into a large discharge plenum
where temperature and static pressure are measured. The air
then leaves the discharge plenum through two opposing headers
which merge into one larger duct which guides the air through
the discharge throttling valves. There are two throttling
valves, a main valve, and a vernier valve. The vernier
valve permits the fine adjustments necessary when operating
near the compressor surge line. From this point the flow
discharges to the atmosphere.

The drive system for the compressor rig consists of two 413
cu. in. Chrysler industrial gasoline engines. The engines
may be operated either separately or together. Wwhen operated
together, throttles are adjusted to produce equal intake
manifold pressures in both engines. When only one engine is
being run, the other is declutched and out of the system.
Each drive engine is coupled to a drive shaft via cog belts.
The cog belt pulleys step up the engine speed by a ratio of
1.6:1. The drive shaft is then coupled to the input shaft
of the gearbox through a shear coupling.

Except for special instrumentation, all probes and sensors
are plugged into a boom in the cell. The boom leads between
the test cell and the console outside the cell are permanently
installed. Thermocouple leads terminate at a Lewis thermo-
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couple switcg)which is connected to a digital readout device
capable of 1°F accuracy. Pressures from the cell terminate
at a panel behind the console and are attached either through
manifolds or directly to manometer columns, pressure gauges,
recorders, etc.

3.1.2 Compressor Rig Instrumentation

The compressor rig test hardware and instrumentation location
are shown in Figure 17. The test rig was designed to use
the standard low cost engine compressor, stator and diffuser
hardware. The stator housing was machined to incorporate
the interstage instrumentation as shown.

Static pressure at the ASME nozzle throat was measured on an
inclined water manometer. Pressures at the compressor inlet
was measured on a vertical manometer using a fluid with
specific gravity 2.95 times that of water. All other pres-
sures were measured in inches of mercury on either con-
ventional vertical manometers or, in the case of the higher
pressures, on a Wallace & Tiernan Bourdon Tube Dial Gauge.
All static pressure taps are sharp edged 0.020 inch diameter
holes drilled perpendicular to the local stream-wise dir-
ection. Total pressure probes were of the single tube
impact variety and constructed with sharp, chamfered,
burr-free inlets, except the interstage probes which were
keil head probes.

All thermocouples were of the copper-constantan, bare wire
type, with the exception of those in the discharge plenum
headers which were half shielded. The compressor rig gearbox
and drive system is shown in Figure 18 and the control
console is shown in Figure 19.

3.1.3 Compressor Rig Test Procedure

The compressor performance maps were generated by recording
test data along constant speed lines. Each speed line
consisted of a minimum of four data points; wide open
throttle, surge, and two intermediate airflows. The speed
lines recorded were 40, 50, 60, 70, 80, 90, 95, 100 and 105
percent corrected speed.

3.1.4 Compressor Rig Test Results

The large scale compressor tests, although not a part of
this program, were extremely important in that they were the
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Figure 19. Compressor Test Rig Plenum Control and Instrumentation
Console 1
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first substantiation of the low cost integral multi-stage
axial compressor concept.

During the period of testing, data was taken up to and
including 100 percent design mechanical speed. Due to the
high ambient air inlet temperature during the time of the
testing, this resulted in corrected speed data up to 95
percent speed. Photographs of the test compressor after
test are shown on Figures 20 and 21.

The compressor performance that was obtained is shown on
Figure 22. The pressure ratio and efficiency shown on this
map are based on mid-stream instrumentation. These probes
were connected to an automatic data acquisition system and
were recorded at each data point. The remainder of the
instrumentation was connected to manometer banks and was
. recorded manually at selected data points only. The two
4 solid points represent the actual performance when all of
the data is considered which includes the effects of wakes
and the wall boundaries.

sas o 0 B s 2t Lo Db iLini i b en s ha 2

The performance shown on this map exceeded our expectations
considering the quality of the test hardware and, based on
this performance, WRC felt confident to proceed with the
tooling for the actual WR33 prototype engine compressor.

Figure 23 shows the actual WR33 engine compressor installed
on the compressor test rig. This compressor was sucessfully
tested to 105 percent of design speed and the performance
maps are shown on Figures 24 and 25 for total-to-total
and total-to-static conditions. The measured performance on
the rig fell slightly below our predictions, however, when
tested in the engine, the compressor performance was very
near our expectations. Because of the nature of the prototype
tooling used in the manufacture of the bicast axial compressor
rotor and stator there was a variation in blade twist and
angle between the various rotors.

3.2 ENGINE TUNING TEST
The second phase of Task II of the 1low cost expendable

engine program involved a tuning and engine adjustment
period using a complete WR33 turbojet engine.
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Large Scale Compressor Rotor After Test

Figure 21.
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3.2.1 Test Facility and Instrumentation

The WR33 tuning tests were conducted in Cell A-8 at WRC's
Walled Lake facility. Cell A-8 is one of three small turbojet
engine test rooms used for R&D testing, qualification, and
acceptance testing of current production engines in the 200
pound thrust class. This cell satisfactorily fulfilled the
needs of this test program.

The test facility equipment and instrumentation is inspected
and calibrated every 90 days in accordance with government
acceptance test requirements.

Table 17 lists the instrumentation used for both the tuning
and demonstration test phases of the program and Figure 26
shows its general location.

3.2.2 Tuning Tests

The initial tuning tests conducted with the WR33 1low cost
expendable engine were started on 25 July 1977.

All testing was done using a manually operated valve as the
fuel control. The engine does have the ability to incorporate
a WRC proprietary design of shaft mounted centrifugal
governor. Production engines would use this system as
either a single speed control or a four speed control.
A number of problems were encountered and resolved during
this tuning phase of the program. These problems were as
follows:

b i Acceleration to idle rpm.
Tailcone strut cracking.
s Rear bearing cooling.
Turbine shroud rub.
Operation on JP-4 fuel.

Burner cover distress.

N o0 o WN

. Compressor rotor blading prcblems.
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The first self-sustaining operation of the WR33 engine took
place on 4 August 1977. 1In order to achieve acceleration up
to idle speed, it was necessary to change from air impingement
cranking on the compressor rotor to air impingement cranking
on the turbine rotor.

Test results indicated that there were two problems associated
with the compressor rotor impingement. First, we were
unable to crank the rotor to sufficient speed by this method,
even though three circumferential impingement locations were
used. The optimum air pressure at the impingement nozzles
was determined to be approximately 50 psig, which resulted
in a cranking speed of 12 percent rpm. Further increases in
pressure actually decreased the cranking speed, and at 100
psig, only 9 percent rpm could be obtained.

Secondly, the impingement air choked the last compressor
stages causing the early stages to stall, with the net
result that the compressor was generating very little pressure
rise. Applying air impingement to the turbine rotor was
accomplished relatively easily by adding a 3/8 inch diameter
tube to the combustor assembly. The inlet end of the tube
was aligned with the axis of the engine which allowed it to
penetrate the various flanges with a minimum modification to
the engine.

Using turbine impingement, we are able to achieve a cranking
speed of 17 percent rpm with an air supply pressure of 100

psig.

As the engine speed was increased near rated speed, a sharp
rise in vibration was noted at the rear vibration pick-up.
After a brief period of running with the rear pick-up
indicating levels up to 40 g's, cracks were detected in the
tailcone in the vicinity of the struts. Since this sharp
rise in vibration was indicative of a resonance condition,
it was decided to add doublers to the housing which would
effectively increase the stiffness of the structure and
raise the resonant frequency above the operating range.

This solution was very effective as shown in Figure 27.
Both engines have essentially the same vibration character-
istics with neither engine exceeding 15 g's over the operating
range. Likewise, the sheet metal cracking in the tailcone
area was eliminated.
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The ma§}mum rear bearing temperature objective was established
as 500°F for the grease packed bearing. The initial design
intent was to cool the rear bearing area through a series of
internal passageways from the compressor, through the rotor
hub, the main shaft, across the bearing, and finally out aft
of the rear face of the turbine. However, because of problems
associated with the early axial compressor rotor castings,
it was decided to abandon the air holes through the compressor
rotor and to begin engine testing with the rear bearing
cooling air supplied from an external source. As engine
speed was increased near rated speed, it became necessary to
use an excessive amount of air to maintain the temperature
limit. At this point, we concluded that it was necessary to
reduce the heat flux into the rear bearing area and a Refrasil
insulating material was installed in the tailcone area.

This change was very effective and substantially reduced the
cooling air flow requirements for the rear bearing. In
fact, after insulating the rear bearing cavity, it became
practical to supply the cooling air from the engine.

Both engines were equipped with an external cooling air line
from the fifth stage axial compressor stator to the rear
bearing. The measured bearing temperatures using the self
cooled arrangement is shown in Figure 28 for both engines.
A slightly larger line was used on engine S/N 1 and it shows
a somewhat lower rear bearing te@perature, however, both
engines operated well below the 500 F limit that was estab-
lished.

The front bearing runs extremely cool as it is cooled by the
inlet air to the engine. There were no bearing failures
during the entire tuning and demonstration testing and only
one rear bearing was replaced when it was suspected to have
become contaminated.

Throughout the tuning period on engine S/N 1, we experienced
frequent turbine shroud rubs. These rubs did not occur
during engine operation but would occur during rundown and
were caused by the thin shroud cooling much more rapidly
than the heavier turbine rotor. Although this is not a
problem for a single start expendable engine, it was an
annoyance during the engine tuning phase.

Engine S/N 2 which had somewhat more radial clearance for

the shroud to expand into during operation did not have the
shroud rub problem.
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It was found that operation on JP-4 fuel resulted in some
fuel being expelled with the air from the shaft vent. The
fuel leakage problem was caused by vaporization of the JP-4
fuel within the main shaft during engine operation. Although
the engine would operate satisfactorily on JP-4, it was
difficult to make an accurate measure of fuel consumption.
To eliminate this problem during the tuning and demonstration
testing, the fuel was changed to JP-5. It was found that
engine starting and combustion performance was equally as
good on JP-5 as it was on JP-4.

The combustor operated very well as it was designed, however,
the desire to operate the engine for a much longer period
than the 30 minute life requirement led to two modifications.
The outer wall was modified by forming a corregated section
at the aft edge to admit more film cooling along the outer
wall. The second change was a material change to the burner
cover replacing the 302 stainless steel with Hastelloy X.
Measurements also indicated that the combustor pressure drop
could be reduced somewhat if an increase in overall engine
performance were required.

An inspection of the axial compressor rotor after an engine
run at 97 percent rpm revealed that four of the first stage
rotor blades were cracked at the trailing edge root. One of
the cracked blades was removed for metallurgical examination.
The total time on this rotor was 13 hours, 10.5 hours of
compressor rig time and 2.5 hours of engine time.

A review of the initial design dynamics analysis indicated
that the first bending mode of the first stage rotor blades
would be excited by the three inlet struts at 115 percent of
rated engine speeds. An actual measurement of the first
bending mode of the first stage rotor blades indicates that
the three inlet struts excite the rotor in the 68 through 88
percent rpm range. The difference between the calculated
and measured values 1is at least partly attributed to the
calculations being based on an integral cast rotor, whereas
the measured values are for the bi-cast rotor which has
considerably different root attachment stiffness. Likewise,
the large difference in frequency from blade to blade is
also due to differences in root attachment. In order to
place the excitation caused by the inlet struts outside of
the engine operating range, the compressor inlet was modified
from a three strut inlet to a four strut pattern based on
equal spacing of six. This addition changed the engine
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speed at which the blades are excited to 44 percent and
less, which is below idle and out of the normal operating
range. No further difficulty was experienced with the rotor
blades after this change was incorporated.

Table 18 presents a chronological test history summary of
the engine runs conducted during the tuning phase of the
program.

The measured engine performance for engines S/N 1 and S/N 2
at the end of the engine tuning period is shown in Figures
29 through 34. The compressor performance of engine S/N 1
was somewhat better than that of engine S/N 2 and as a
result, the thrust was about 5 percent higher for engine S/N
1. All of the other parameters were quite similar between
the engines at the rated speed condition.




TABLE 18. CHRONOLOGICAL TEST HISTORY SUMMARY
WR33 Low Cost Expendable Engine

ENGINE S/N 1

Build

No. Date Comments

1 7/25/77 Initial Build - No Acceleration

2 7/29/77 Modified Rotor Air Start Holes - No Acceleration
3 8/2/77 Modified Rotor Air Start Holes - No Acceleration
4 8/4/77 Turbine Start Impingement - Good Acceleration

5 8/8/77 Reworked Turbine Shroud - Rear Bearing Hot

6 8/16/77 More Stator Clearance - Rub on Engine Rundown

7 8/18/77 New Shim - Rub on Engine Rundown Burner Liner Hot
8 8/24/77 Increase TP Area - Rub on Engine Rundown

9 9/2/77 Fluted Burner - Burner Cool, Rear Bearing Hot
10 9/12/77 Instrumented Rear Bearing - Low AP

11 9/27/77 Insulated Rear Bearing - Runs Cool

12 10/13/77 More Air to Rear Bearing - Developed Fuel Leak
13 11/1/77 SGPH Fuel Nozzles - Fuel Leak from Vent
14 11/9/77 Increased Pump Element - Fuel Leak from Vent
15 11/20/77 Add Fuel Spinner - JP-5 - No Fuel Leak w/JP-5

16 11/29/77 New Bladed Rotor - Run to 90% rpm




17
18

19
20
21
22

12/12/77 Same Components - Run to 96% rpm

12/19/77 Doublers Added to Struts - Run to 99%, 3
Blades Cracked

1/13/78 Modified Inlet Struts - Rear Bearing Good

1/30/78 Hast X Burner Cover - 200°F EGT Spread
2/7/78 Modified Shroud - 1/2 hr Endurance Run | ¥
DEMONSTRATION RUN A

TOTAL TIME 9:12 hrs & 67 Starts

ENGINE S/N 2

1/24/78 Initial Build - Good Run

1/26/78 Increased TP Area - Good Run 1:26 Hr

2/7/78 Demonstration Test - Good Run Cal.
TOTAL TIME: 3:06 hrs & 29 starts
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SECTION 4

TASK III DEMONSTRATION TESTS

Task III of the low cost expendable engine program required
a thirty minute demonstration run at 100 percent engine
speed and Mach 0.7.

The use of the no-flow ejector which is rigidly attached to
the engine precluded the use of the standard thrust stand
for measuring thrust. As a result, a total pressure rake at
the engine jet nozzle exit along with three static pressure
probes at the exit were used to calculate the thrust under
the simulated ram condition. The engine was first operated
on the standard thrust stand without the ejector but with
the instrumentation installed in order to obtain an effective
jet nozzle flow coefficient. Using this approach, the
estimated accuracy of the gross thrust measurement is +2
percent and the net thrust estimate is accurate within #5
percent. The accuracy of the thrust measurement under
static sea level conditions is within *1 percent.

Because of the difficulty of accurately assessing the engine
performance under the simulated flight condition when using
a no-flow ejector, we elected to demonstrate performance and
Mach 0.7 operation separately by running a 30 minute
demonstration test on each engine in accordance with the
following plan:

Engine S/N 1 - Sea Level Static Test

® Record performance data at the following approxi-
mate corrected speeds.

57 percent
71 percent
86 percent
94 percent
100 percent

® Run 30 minutes at a corrected thrust in excess of
175 pounds.

Engine S/N 2 - Simulated Flight Test

e Record performance data at the following approxi-
mate corrected speeds.




86 percent
94 percent
100 percent

e Run 30 minutes at a corrected speed of approxi-
mately 100 percent.

4.1 TEST FACILITY AND INSTRUMENTATION

The WR33 demonstration test was conducted in Cell A-8 at
WRC's Walled Lake facility. Cell A-8 is one of three small
turbojet engine test rooms used for R&D testing, qualifica-
tion, and acceptance testing of current production engines
in the 200 pound thrust class. This cell satisfactorily
fulfilled the needs of this test program.

The test instrumentation included that necessary to obtain
the following data:

Net thrust - pounds

Engine speed - rpm -

Turbine outlet temperature - F

Engine inlet air flow - pounds per second

Fuel flow - pound per hour

Compressor discharge pressure - in.oﬂg. gauge
Compressor discharge temperature - “F

Engine vibration level - g's o
Front and rear bearing ogter race temperature - F
Inlet air temperature - °F

Barometric pressure - in. Hg.

Exhaust ejector static pressure - in. Hg

Exhaust stream total pressure - in. Hg.

In addition, the following parameters were recorded for each
test.

Tailpipe ID - Inches
Start No. this build
Start time

The sea level static engine data was reduced on the WRC
Turbojet Data Reduction Program. This program calculates
overall engine performance from the measured data.

The output data from the program include the following
parameters corrected to standard temperature and pressure:
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rpm - corrected speed

SFC - specific fuel consumption

T4 - corrected exhaust gas temperature

F - corrected thrust

A - standard pressure correction factor

6 - standard temperature correction factor
J6 - square root of standard temperature correction factor
Wf - correct fuel flow

P21 - compressor pressure ratio

Airfl - corrected air flow

TIT - turbine inlet temperature

The performance under the simulated ram conditions was
calculated based on the measured air flow, exhaust pressure
and temperature, and the static pressure at the nozzle exit
as described in Paragraph 4.4.

4.2 DEMONSTRATION TESTS

The demonstration tests, witnessed by AFAPL personnel, were
successfully completed on 7 February 1978. Both engines
were used for the test so that sea level as well as simu-
lated flight performance could be demonstrated.

Testing on engine S/N 1 consisted of a calibration run
between corrected speeds of 57 and 100 percent rpm followed
by a thirty minute sustained run at a thrust level in excess
of 175 pounds. A summary of these calibration data com-
pleted with engine S/N 1 is presented in Table 19. This
unit was operated for a total of fifty eight minutes during
the demonstration test.

Using engine S/N 2, the 0.7 Mach Number conditions were
simulated by the use of a no flow ejector as shown in Figure
35. The ram pressure ratio associated with Mach 0.7 is
1.39 and was simulated by adjusting the position of the
ejector. This test generated representative flight conditions
and jet nozzle pressure ratios. The inlet stagnation pressure
and temperature were the prevailing ambient values at the

gime of the test. This setup is shown in Figures 36 and
7

Engine S/N 2 was used for the simulated flight test, which
consisted of a calibration run at approximately 85, 94 and
100 percent engine speeds followed by a sustained thirty
minute run at a corrected speed of 100 percent rpm. all
under simulated flight conditions. A summary of the test
data for engine S/N 2 is shown on Table 19. Engine S/N 2
was operated for a total of 51 minutes during the demon-
stration test.
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TABLE 18.

ENGINE S/N 1 SUMMARY

Thirty minutes Endurance Test Data - Engine S/N 1:

/8

98.0
97.8
97.8
98.0
98.0
98.0
98.0

Pre-endurance

Fn/é

179.8
179.5
180.3
180.6
180.1
180.3
180.3

Calibration Data-Engine S/N 1

SFC

1.403
1.380
1.373
1.373
1.375
1.375
}.371

% N/J6

57.3
)
85.7
94.5
100.0

Fn/s

36.6
66.4
114.7
160.4
195.4

SFC

2.446
1.824
1.482
1.391
1.383

EGT/6

1449
1447
1454
1451
1449
1449
1448

EGT/©

1205
1188
1238
1387
1513

Post-endurance Calibration Data - Engine S/N 1

%N/y6

94.6
86.1
72.2
57.7

Fn/s

159.1
115.8
68.2
37.7

SFC

1.386
1.466
1.774
2.403

EGT/6

1364
1232
1157
1189

Note: Data corrected to sea level static conditions.
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TABLE 19. THIRTY MINUTE ENDURANCE TEST
AT MACH 0.7 - ENGINE S/N 2

SIMULATED SIMULATED %n/6 FGross F
ALTITUDE-FT MACH NO.

*
Net SFC EGT/6

11,000 0.77 100.6 246 155. 1.628 1469
11,000 0.77 100.7 246.6 156. 1.615 1475
11,000 0.79 100.8 248.7 156. 1.609 1466
11,000 0.79 100.9 249.1 156. 1.605 1472
11,000 0.79 100.8 248.7 156. 1.606 1466
11,000 0.79 100.9 248.8 . 1.607 1464

*SFC based on net thrust

4.3 DISASSEMBLY INSPECTION

Following the demonstration test, engine S/N 1 was disas-
sembled for review by the AFAPC representatives. All of the
parts were in excellent condition and are shown in Figures
38 through 50.

4.4 ENGINE DATA REDUCTION UNDER MACH NUMBER SIMULATED
CONDITIONS

The method used to compute the performance under Mach 0.7
simulated conditions is presented in Appendix B.
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